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Loss of a chloroplast encoded function could influence species 
range in kelp























We	 sequenced	 DNA	 from	 two	 Laminaria	 species	 with	 contrasting	 distribution	
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1  | INTRODUC TION





alga	was	 integrated	 into	 the	host	metabolism,	 thereby	 losing	 its	
complete	 nuclear	 genome.	 Kelps	 (Laminariales,	 Phaeophyceae)	
are	 large	multicellular,	highly	differentiated	marine	brown	algae.	
They	can	 form	huge	coastal	 forests,	which	provide	a	habitat	 for	




mocline	 in	 tropical	 regions	 (Graham,	 Kinlan,	 Druehl,	 Garske,	 &	
Banks,	2007).	Habitat	ranges	of	different	kelp	species	can	overlap	




with	 a	 southern	 distribution	 boundary	 in	 Brittany	 (France)	 or	
Massachusetts	 (USA)	and	a	northern	 limit	 in	 the	Arctic	whereas	




Only	 a	 handful	 of	 brown	 algal	 nuclear	 genomes	 have	 so	 far	
been	deciphered,	 namely	Ectocarpus siliculosus	 (Cock	 et	 al.,	 2010),	
Saccharina japonica	 (Ye	 et	 al.,	 2015),	 and	 Cladosiphon okamuranus 
(Nishitsuji,	Arimoto,	&	Iwai,	2016),	S. japonica	being	the	sole	member	
of	 kelp	 species.	Thus,	 it	 is	 currently	not	possible	 to	 comparatively	
examine	complete	nuclear	genomes	of	kelp	species	for	evolutionary	
changes	and	adaptations.
Chloroplast	 genomes	 generally	 have	 a	 quadripartite	 structure	
with	 a	 small	 and	 a	 large	 single	 copy	 region	 separated	 by	 inverted	










the	 rRNA	genes	 together	with	a	 few	 tRNA	genes.	Additionally,	 all	
three	chloroplast	genomes	were	collinear.	We	here	present	chloro‐
plast	genome	data	on	 two	Laminaria	 species	 (L. digitata	 and	L. sol‐
idungula)	 and	 compare	 all	 five	 chloroplast	 genomes.	 Our	 analysis	
reveals	general	trends	of	chloroplast	genome	evolution	within	kelp	
species.

















(AWI	 culture	 number	 3130,	 originally	 isolated	 from	Kongsfjorden,	
Spitsbergen).	 After	 fertilization	 of	 the	 gametophytes	 in	 short	 day	
lengths	 (5:19	hr	LD)	at	0°C,	they	were	transferred	 into	16:8	hr	LD	
conditions,	 5°C	 and	 a	 photon	 fluence	 rate	 of	 40	 µmol	m‐2	 s‐1	 for	
further	 cultivation.	 Resulting	 sporophytes	were	 sampled	 for	DNA	











2.3 | Sequencing, assembly, and chloroplast 
sequence extraction








PCR	 on	 L. digitata	 isolates	 was	 done	 with	 forward	 primer	
TTCATCAATAAATAAAAGACCACCCATTGC	 at	 position	 75,636	 to	
75,665	 and	 reverse	 primer	 TTCATCAATAAATAAAAGACCACCCA 
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TTGC	at	position	76,426	to	76,455.	The	resulting	PCR	products	were	
ligated	into	pGem‐T	Easy	vectors.	To	be	able	to	discern	between	poly‐
merase	 errors	 and	 true	 SNPs,	 three	 clones	 from	each	 ligation	were	
sequenced.
2.4 | Phylogenetic analysis
The	 chloroplast	 coding	 sequences	 of	 both	Laminaria	 species	were	
identified	by	blasting	the	CDS	from	S. japonica	against	the	respec‐
tive	 chloroplast	 sequences.	 Nucleotide	 sequences	 of	 the	 coding	
sequences	 were	 extracted	 and	 aligned	 gene‐wise	 using	 muscle	
(Edgar,	2004).	The	single	alignments	were	inspected	by	eye	and	cor‐
rected,	 if	needed.	Concatenation	of	all	single	alignments	was	done	






Collinearity	of	 the	 assembled	kelp	 chloroplast	 genomes	was	 tested	
with	the	nucmer	tool	of	mummer	(Kurtz,	Phillippy,	&	Delcher,	2004),	
and	 a	 global	 alignment	 was	 done	 with	 MAFFT	 (Katoh	 &	 Standley	
2013).	The	Laminaria	chloroplast	genomes	were	annotated	using	the	
available	kelp	chloroplast	annotation	as	a	BLAST	query.	Additionally,	





tata	 and	 L. solidungula	 were	mapped	 to	 the	 S. japonica	 chloroplast	


















tata),	 the	assembly	of	 so	many	 reads	 results	 in	 a	 very	 fragmented	
chloroplast	 genome.	 Thus,	 the	 extracted	 chloroplast	 contigs	were	
extended,	 scaffolded	 and	 the	 gaps	 between	 them	 were	 filled	 by	
using	 the	 original	 raw	 read	 information	with	 the	 help	 of	Gapfiller	





























coding	sequences	of	 the	 respective	 individual	genes,	we	concat‐
enated	these	to	yield	a	combined	alignment	of	96,570	bases.	For	
the	phylogenetic	analysis,	we	used	E. siliculosus	and	F. vesiculosus 
as	outgroups.	A	model	test	indicated	that	the	GTR	+	Gamma	model	








logeny	was	 then	 the	basis	 for	 further	analysis	of	 the	observable	
trends	in	kelp	chloroplast	genome	evolution.
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reference,	 which	 showed	 that	 large	 segments	 of	 all	 chloroplast	 ge‐
nomes	could	indeed	be	aligned	(Figure	2).	Only	a	few	regions	appear	
to	be	rearranged	or	contain	larger	insertions	or	deletions	so	that	the	






roplast	 genomes	 are	 collinear.	 However,	 closer	 inspection	 revealed	
that	small	rearrangements	occurred	involving	the	inverted	repeat	(IR)	
regions	(Table	1).	In	comparison	with	C. costata,	S. japonica	and	U. pin‐
natifida both Laminaria	species	have	a	gene	directly	adjacent	of	the	IRs	
translocated	to	the	other	copy	of	the	IR	(Table	1).	In	L. digitata rpl21	is	
affected	and	 in	L. solidungula ycf37.	 Interestingly,	ycf37	was	presum‐
ably	pseudogenized	during	this	process	in	L. solidungula	since	the	N	ter‐
minal	part	of	the	protein	is	no	longer	encoded	in	this	gene	(Table	A3).


















































We	 then	 examined	 the	 ratio	 of	 SNPs	 between	 intergenic	 and	
genic	 (i.e.,	coding	regions	 including	RNA	genes;	Table	2).	The	ratio	
of	genic	to	 intergenic	SNPs	ranges	from	15%	to	19%.	The	number	








calculated	 for	 each	 species	 the	number	of	SNPs	 in	 the	 two	cate‐
gories	 and	 tested,	 whether	 those	 SNPs	 also	 occurred	 in	 another	
species.	As	 expected,	 nonsynonymous	SNPs	 are	much	 rarer	 than	





The	 ratio	 of	 nonsynonymous	 to	 synonymous	 SNPs	 ranges	 from	
10.2%	to	18.5%	in	species	and	from	0.7%	to	18%	in	species	pairs.	The	
partly	lower	values	for	species	pairs	might	be	caused	by	a	lower	like‐
liness	of	maintenance	of	nonsynonymous	SNPs	 in	 two	 independent	
species.	 Interestingly,	S. japonica	 and	U. pinnatifida	 have	 the	highest	
ratio	 of	 nonsynonymous	 to	 synonymous	 SNPs	 in	 their	 species	 spe‐
cific	SNPs,	which	could	be	due	to	a	 less	efficient	purifying	selection	
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polymorphisms	 [MNPs])	 are	 thought	 to	 be	 not	 always	 independent	
(Prendergast,	 Pugh,	&	Harris,	 2018).	We	 analyzed	 such	 pairs	 in	 the	
Kelp	chloroplast	genomes	and	found	that	they	are	generally	rare,	but	
are	also	partly	shared	between	species	(Table	4).	 Interestingly,	these	
SNPs	 are	 equally	 distributed	 between	 genic	 and	 intergenic	 regions.	
Since	intergenic	regions	cover	a	far	smaller	area	of	the	chloroplast	ge‐
nome,	the	propensity	for	this	kind	of	SNPs	 is	 to	reside	 in	 intergenic	
regions.
To	 exclude	 the	 possibility	 that	 population	 structure	 and	 se‐
quence	 variation	 impact	 the	 SNP	 analyses,	we	 retrieved	 L. digitata 
samples	from	6	different	locations	(North	Sea	Heligoland,	north	east	
Atlantic	 Spitsbergen,	 northwest	 Atlantic	 Halifax,	 western	 Atlantic	
Connecticut,	 eastern	 Atlantic	 Roscoff,	 and	 Quiberon).	 We	 ampli‐
fied	a	850‐bp	 region	containing	 the	cbbx	gene	and	part	of	 the	ad‐
jacent	 intergenic	region	from	all	samples,	cloned	the	PCR	products	
into	vectors,	and	sequenced	three	clones	each.	We	could	not	detect	
any	 variation	 indicating	 that	 variation	 of	 the	 chloroplast	 genome	
in	 the	whole	L. digitata	population	 is	 rare.	We	then	sequenced	and	
assembled	 the	 complete	 plastid	 genomes	 from	 the	Heligoland	 and	




















cies.	Thus,	 these	 tRNAs	would	be	dispensable	and	might	occur	 and	
disappear	 frequently	 in	 evolution	without	 affecting	 the	 collinearity.	
Only	in	the	vicinity	of	the	IRs,	we	observed	translocations	of	genes	in	
Laminaria.	 Such	 translocations	could	be	connected	 to	double	 strand	
break	repair	and	homologous	recombination	at	IR	sites	as	it	was	also	
observed	in	higher	plants	(Zhu	et	al.,	2016).	The	translocation	of	ycf37	









L. solidungula	(red);	SJ,	Saccharina japonica 
(green);	UP,	Undaria pinnatifida	(gray)



















Saccharina japonica 130,584 108,847 21,737
Costaria costata 129,947 108,550 21,397 3,615 688 0.2 33.3 32.2
Undaria pinnatifida 130,383 108,751 21,632 3,633 626 0.2 33.4 28.9
Laminaria solidungula 130,398 108,730 21,668 2,825 429 0.2 26.0 19.8
Laminaria digitata 130,376 108,647 21,729 2,961 566 0.2 27.3 26.0















independently	 in	different	species	 is	unlikely.	Thus,	 if	a	SNP	 is	 found	





















SNP occurrence All Synonymous (s) Nonsynonymous (n) n/s %
Saccharina japonica 714 610 104 17.0
Costaria costata 1,596 1,448 148 10.2
Undaria pinnatifida 1,602 1,352 250 18.5
Laminaria solidungula 569 509 60 11.8
Laminaria digitata 672 600 72 12.0
S. japonica	and	C. costata 224 197 27 13.7
S. japonica	and	U. pinnatifida 404 390 14 3.6
S. japonica	and	L. digitata 159 151 8 5.3
S. japonica	and	L. solidungula 143 142 1 0.7
C. costata	and	U. pinnatifida 492 448 44 9.8
C. costata	and	L. solidungula 207 204 3 1.5
C. costata	and	L. digitata 177 162 15 9.3
U. pinnatifida	and	L. digitata 141 127 14 11.0
U. pinnatifida	and	
L. solidungula
118 100 18 18.0
L. digitata	and	L. solidungula 432 391 41 10.5
Sum 7,650 6,831 819 12.0
Different	codon	changes 260









TA B L E  4  SNP	pairs	in	kelp	chloroplast	genomes.	Shared	pairs	
between	different	species	are	also	listed
Genic Intergenic
Saccharina japonica 7 0
Costaria costata 39 42
Undaria pinnatifida 31 31
Laminaria solidungula 10 11
Laminaria digitata 9 15
S. japonica	and	C. costata 0 0
S. japonica	and	U. pinnatifida 4 3
S. japonica	and	L. digitata 0 3
S. japonica	and	L. solidungula 2 0
C. costata	and	U. pinnatifida 5 3
C. costata	and	L. solidungula 7 1
C. costata	and	L. digitata 0 2
U. pinnatifida	and	L. digitata 0 0
U. pinnatifida	and	L. solidungula 1 0
L. digitata	and	L. solidungula 2 6
All 117 117
















Our	 analysis	 of	 kelp	 chloroplast	 genomes	 broadens	 our	 view	on	
the	evolution	of	these	important	species.	It	is	possible	that	either	
the	pseudogenization	of	the	chloroplast	gene	ycf37	led	to	the	ad‐
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APPENDIX 
TA B L E  A 1   tRNAs	and	their	positions	in	the	Kelp	genomes.	CC,	Costaria costata;	LD,	Laminaria digitata;	LS,	L. solidungula;	SJ,	Saccharina 
japonica;	UP,	Undaria pinnitafida
Number of tRNAs 31 28 31 29 30
Species UP CC SJ LD LS
tRNA start stop start stop start stop start stop start stop
Met 5,832 5,899
Phe 7,288 7,360 7,293 7,365 7,148 7,220 7,126 7,198 7,143 7,215
Tyr 27,354 27,434 27,433 27,513 27,249 27,329 27,279 27,359 27,236 27,316
Sup	(intron) 34,028 34,266 33,945 34,190
Asp 38,590 38,664 38,727 38,801 38,498 38,572 38,600 38,674 38,529 38,603
Ile	(intron) 50,988 51,192
Arg 51,998 52,070 52,161 52,233 51,870 51,942 51,929 52,001 51,872 51,944
Glu 52,127 52,199 52,290 52,362 51,999 52,071 52,058 52,130 52,001 52,073
Ile	(intron) 59,171 59,416
Leu 81,865 81,946 81,703 81,784 81,909 81,990 81,785 81,866 81,854 81,935
Ile 83,943 84,016 83,860 83,933 84,124 84,197 83,915 83,988 84,195 84,268
Ala 84,020 84,092 83,937 84,009 84,201 84,273 83,992 84,064 84,272 84,344
Gly	(intron) 96,734 96,976
His 116,468 116,540 116,392 116,463 116,650 116,722 116,377 116,449 116,776 116,848
Thr 116,618 116,690 116,545 116,617 116,804 116,876 116,531 116,603 116,930 117,002
Val 117,062 117,133 116,874 116,945 117,160 117,231 116,914 116,985 117,317 117,388
Arg 117,156 117,228 117,254 117,326 117,008 117,080 117,411 117,483
Phe	(intron) 117,852 117,957
Asn 120,522 120,593 120,233 120,304 120,563 120,634 120,381 120,452 120,789 120,860
Arg 128,196 128,269 127,843 127,916 128,307 128,380 128,066 128,139 128,471 128,544
Gln 128,311 128,382 127,951 128,022 128,414 128,485 128,181 128,252 128,591 128,662
Leu	(intron) 116,823 116,617
Trp 109,963 109,891 109,885 109,813 110,141 110,069 109,912 109,840 110,272 110,200
Gly 78,187 78,117 78,029 77,959 78,220 78,150 78,094 78,024 78,169 78,099
Lys 72,723 72,652 72,767 72,696 72,690 72,619 72,778 72,707 72,697 72,626
Cys 49,214 49,144 49,362 49,292 49,084 49,014 49,174 49,104 49,106 49,036
Lys	(intron) 43,701 43,498 43,708 43,505
Met 43,556 43,471 43,710 43,625 43,453 43,368 43,562 43,477 43,461 43,376
Met 38,427 38,355 38,569 38,497 38,339 38,267 38,441 38,369 38,371 38,299
Ser 38,347 38,258 38,489 38,400 38,259 38,170 38,361 38,272 38,291 38,202
Gly 35,888 35,817 35,999 35,928 35,770 35,699 35,865 35,794 35,798 35,727
Pro 25,512 25,439 25,613 25,540 25,430 25,357 25,458 25,385 25,416 25,343
Met 25,383 25,310 25,492 25,419 25,309 25,236 25,337 25,264 25,295 25,222
Ser 24,675 24,588 24,754 24,667 24,564 24,477 24,588 24,501 24,575 24,488
Ile 3,464 3,391 3,466 3,393 3,286 3,213 3,288 3,215 3,287 3,214
Ala 3,387 3,315 3,389 3,317 3,209 3,137 3,211 3,139 3,210 3,138
     |  11RANA et Al.
TA B L E  A 2  Nucmer	segments	of	Kelp	genomes	mapped	to	the	U. pinnitafida	genome	(corresponds	to	Figure	2)
CC Costaria Segments 9 13,403 . + 1
CC Costaria Segments 13,533 24,692 . + 1
CC Costaria Segments 24,859 42,156 . + 1
CC Costaria Segments 42,290 48,198 . + 1
CC Costaria Segments 48,384 72,508 . + 1
CC Costaria Segments 72,648 73,200 . + 1
CC Costaria Segments 73,336 74,800 . + 1
CC Costaria Segments 75,314 116,698 . + 1
CC Costaria Segments 116,987 120,312 . + 1
CC Costaria Segments 120,439 120,642 . + 1
CC Costaria Segments 120,746 128,507 . + 1
CC Costaria Segments 128,991 130,383 . + 1
SJ Saccharina Segments 1 177 . + 1
SJ Saccharina Segments 178 24,745 . + 1
SJ Saccharina Segments 24,854 42,083 . + 1
SJ Saccharina Segments 42,946 48,206 . + 1
SJ Saccharina Segments 48,778 52,199 . + 1
SJ Saccharina Segments 52,297 57,837 . + 1
SJ Saccharina Segments 58,025 62,661 . + 1
SJ Saccharina Segments 62,748 72,506 . + 1
SJ Saccharina Segments 72,643 73,187 . + 1
SJ Saccharina Segments 73,341 74,776 . + 1
SJ Saccharina Segments 75,310 81,960 . + 1
SJ Saccharina Segments 82,003 116,698 . + 1
SJ Saccharina Segments 116,995 120,286 . + 1
SJ Saccharina Segments 120,474 124,772 . + 1
SJ Saccharina Segments 124,883 128,515 . + 1
SJ Saccharina Segments 128,991 130,383 . + 1
LD L_digitata Segments 1 177 . + 1
LD L_digitata Segments 178 24,331 . + 1
LD L_digitata Segments 24,575 24,692 . + 1
LD L_digitata Segments 24,853 34,190 . + 1
LD L_digitata Segments 34,292 48,199 . + 1
LD L_digitata Segments 48,416 73,211 . + 1
LD L_digitata Segments 73,341 74,756 . + 1
LD L_digitata Segments 75,313 116,698 . + 1
LD L_digitata Segments 116,971 130,383 . + 1
LS L_solidungula Segments 5,639 24,692 . + 1
LS L_solidungula Segments 5,669 1 . + 1
LS L_solidungula Segments 24,853 72,534 . + 1
LS L_solidungula Segments 72,644 73,206 . + 1
LS L_solidungula Segments 73,336 74,760 . + 1
LS L_solidungula Segments 75,313 81,953 . + 1
LS L_solidungula Segments 82,003 116,697 . + 1
LS L_solidungula Segments 116,971 120,642 . + 1
LS L_solidungula Segments 120,746 130,383 . + 1
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TA B L E  A 3  Alignment	of	chloroplast	gene	ycf37	from	different	brown	algae.	The	nonhomologous	sequence	part	of	Laminaria solidungula 
is	colored	in	red.	The	amino	acid	translation	was	made	from	the	70%	consensus	sequence,	where	a	nucleotide	was	taken	if	at	least	seventy	
percent	of	the	aligned	sequences	have	the	same	letter.	n	in	consensus	denotes	any	nucleotide	at	that	alignment	position,	and	u	stands	for	
purin	bases	at	that	position
